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ABSTRACT The electric field produced by cell membranes, extending only a few nanometers, is 1000 times stronger than
the electric fields required to produce dissociation of molecular complexes. Using the complex formed by norepinephrine (NE)
and ascorbic acid (AA), we have demonstrated the quantitative binding of AA to NE, the use of capillary electrophoresis to
measure quantitative binding of nonelectrolyte complexes, the determination of a dissociation constant (Kd) from electric
field-dissociation constants (Ke), and a model for natural dissociation of the NE–AA complex due to the electric field
generated by a cell membrane. NE–AA dissociation constants show little effect of NE concentration or pH changes.
NE-related compounds also bind AA: epinephrine  norepinephrine  tyrosine  histamine  phenylalanine. Serotonin does
not bind AA. Phosphorylated AA and glucose also bind NE at 0.05 and 0.08 of the AA binding, respectively. Natural
electrophoresis of molecular complexes allows compounds to travel through the body in a protected state and still be
available for physiological activity upon reaching a membrane.
INTRODUCTION
Biological membranes produce a significant electric field
(Delahay, 1966; McLaughlin and Harary, 1974; Moore,
1972; Tien, 1974). An electric field is the length derivative
of the membrane voltage as it dissipates into the fluid
adjacent to the membrane. The electric field approaches
zero within 20 nm away from the membrane when the
surrounding fluid has normal physiological salt concentra-
tion (Delahay, 1966). Perhaps because of this limited range,
there is no research on any physiologic effects of the electric
field generated by a cell membrane.
Electric fields have been used to separate molecules
through capillary electrophoresis (CE) (Dillon and Sears,
1998; Kuhn and Hoffstetter-Kuhn, 1993). CE uses an elec-
tric field to drive a carrier buffer from a high voltage toward
ground, with the size of the electric field determined by the
applied voltage divided by the length of the capillary (Kuhn
and Hoffstetter-Kuhn, 1993). During the flow of the buffer,
molecules are separated from one another based on their
charge-to-mass ratio. Those molecules whose charge is the
same as the driving voltage will be repelled by that voltage,
and move more quickly in the electric field. Those mole-
cules with opposite charge will have their movement in the
electric field retarded by attraction to the driving voltage.
It was hypothesized that molecules within the electric
field of a membrane could be separated from one another.
There has been considerable research in recent years on the
molecular binding of pairs of molecules (Dillon and Root-
Bernstein, 1997; Root-Bernstein and Dillon, 1997), includ-
ing protein–hormone carrier systems (Barnard and Wolff,
1998), antigen–antibody complexes, protein–protein cou-
pling (Dillon and Clark, 1990; Dillon et al., 1995), and
small molecule coupling (Root-Bernstein, 1987). The abil-
ity of CE to measure the effect of electric field alteration on
molecular coupling was tested. Norepinephrine (NE) and
ascorbic acid (AA) have previously been shown to have
molecular complementarity with one another (Root-Bern-
stein, 1989). NE and AA and related compounds were run
together through a CE system. These experiments were able
to show the appearance of an NE–AA complex, that this
complex was concentration dependent, that related com-
pounds showed similar complex formation, that a dissocia-
tion constant could be calculated from the concentration
dependence of the complex formation, and that the dissoci-
ation constant was dependent on the size of the electric
field. The range of electric fields over which dissociation of
the complex occurs is much smaller than that generated by
biological membranes, leading to the formation of a new
concept that natural electrophoresis of biological complexes
will occur as those complexes approach the membrane. In
this manner, coupled molecules will move through the body
in a protected state and will still be available to produce
physiological actions as they near cells.
METHODS
Solutions
All solutions were prepared in the buffer, which was used in the particular
CE experiment, 25 mM sodium borate 10-hydrate (Na2B4O7  10 H2O) at
pH 9.4, 8.9 or 7.4. NE, AA, glucose, and histamine were purchased from
Sigma Chem. Co. (St Louis, MO). Epinephrine, tyrosine, phenylalanine,
and serotonin were purchased from Aldrich Chem. Co. (Milwaukee, WI).
Phosphorylated AA was purchased from Wako Pure Chem. Ind., Ltd.
(Japan). All chemicals were made as stock solutions and diluted to the
required concentration in the CE injection vials.
CE procedures
Samples were vacuum injected into a 100-m diameter, 98-cm length
capillary tube (volume 7.7 l) for either 2 or 5 s (injection volume 8.6
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nl/sec). The capillary tube had a detection window 66 cm from the injection
site in an ISCO (Lincoln, NE) model 3850 electropherograph with an
absorbance detector at 195 nm, absorbance maximum at either 0.2 or 0.5
absorbance units and a rise time of 3.2 sec. Driving voltage was 10, 12.5,
15, 17.5, or 20 kV, corresponding to electric fields of 102, 128, 153, 179,
and 204 V/cm. The peaks were recorded on a chart recorder (The Recorder
Co., Houston TX) at 1 cm/min and 1 V full scale.
Data analysis
NE was always prepared and run as a 1-mM standard. Changes in free NE
in the presence of AA were measured as reductions in peak height from this
standard. NE–AA complex was calculated as the remainder of the NE
standard minus the free NE at a given AA concentration. In comparison
experiments, epinephrine, tyrosine, histamine, phenylalanine, or serotonin
was substituted for NE. In other comparison experiments, phosphorylated
AA or glucose was substituted for AA. When the combination of molecules
produced a new peak in the EPG, the change in the standard was used to
calculate the complex fraction, which was then used for calculation of the
electric field dependent dissociation constant (Ke). In the cases where no
new peak appeared but the standard peak height changed as a function of
the concentration of the titrating agent, the highest and lowest peak
measurements were used as the limits of the titration for the Ke calculation.
Ke was calculated by plotting the log of the AA concentration against the
log of the NE–AA complex/free NE ratio and using a least-squares best fit
for the linearization and 95% confidence interval in the Axum data pro-
cessing system. Ke was estimated from the linearization at the 0.5 com-
plex–0.5 free NE point. The same process was used for the NE substitu-
tions. Estimate of the dissociation constant at zero electric field, the Kd,
was made by extrapolating the log of the Ke values at a given electric field
to zero electric field. For the AA substitutions, weaker binding would have
necessitated using excessive phosphorylated AA-P concentrations. Instead,
5 mM AA, 100 mM AA-P or 100 mM glucose were mixed with 0.1, 0.3,
0.5, 0.7, or 1.0 mM NE and the fractional change from the free NE standard
of the same concentration measured. The relative free NE for each condi-
tion was measured and the mean of the five concentrations determined.
RESULTS
The formation of a NE–AA complex and its field depen-
dence are demonstrated in Fig. 1. The appearance of a new
peak in the third electropherogram (EPG) of Fig. 1 results
from the presence of both NE and AA, because this peak is
not present when only one of the two metabolites is present,
as in the first two EPGs of Fig. 1. The appearance of this
new peak is accompanied by a decrease in the size of the NE
peak. The relative absorbance of AA is much smaller than
NE, and the small fractional change in the AA peak pro-
duced by the formation of the complex is not measurable.
This new peak is dependent on the relative concentrations of
NE and AA (Fig. 2). The free NE peak 1.0-mM standard,
shown on the right of Fig. 2 at both carrier pH values of 7.4
and 9.4, decreases as the concentration of AA increases at
pH 9.4. Concomitantly, the new peak noted in Fig. 1 ap-
pears on the left of the free NE peak, its size increasing as
the concentration of AA increases. Because no peak appears
in this position when only NE or AA is present, the only
conclusion possible is that a NE–AA complex is formed.
When pH 7.4 carrier buffer is used, the free NE and NE–AA
complex run together. The change in height of the peak
corresponds to the increased sensitivity of the NE–AA
complex, also seen at pH 9.4 in this figure.
Linearization of the titration data, plotting the log(AA
concentration) against the log(AA-bound NE/free NE), al-
lows determination of a best fit line and an error estimate for
the Ke value. An example of this using the data points (filled
triangles) for the titration of NE by AA at 153 V/cm electric
field is shown in Fig. 3. The Ke value is shown as the open
triangle at the point where the free and bound concentra-
tions of NE are equal. The dashed 95% confidence interval
over the range and the 95% confidence interval at the Ke are
also shown. The linearization was transformed into a sig-
moidal titration curve and the NE–AA complex fraction and
the associated titration curves at different electric field
strengths are plotted in Fig. 4. The titrations indicate that, as
the field strength increases, increased concentrations of AA
are needed to saturate NE. This is consistent with an electric
field causing separation between associated molecules. Dis-
sociation is due to both the random dissociation of a chem-
ical complex and the energy of the electric field. There is
also a general increase in the slope of the dissociation
curves as the field increases. In a solely chemical system, an
increase in the slope is associated with cooperativity. In this
case, however, the electric field may cause a net orientation
of the molecules, due to polarization within the electric
field, that facilitates interaction in a manner similar to
cooperativity.
The Ke values change as a function the electric field.
When the log(Ke) of the NE–AA dissociation curves in Fig.
4 were plotted, they empirically demonstrated a strong
(R2  0.99) relation (Fig. 5). The relation between the Ke
and the electric field for NE and AA is
logKe 0.0130E 4.13. (1)
FIGURE 1 NE–AA complex formation. NE and AA solutions in 25 mM
sodium borate at pH 9.4 are injected separately and together. A new peak
appears when they are mixed together before injection. The  indicates the
free NE peak.
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At E  0, the Ke becomes the Kd. The log(Kd)  4.13
converts to 74 M, the dissociation constant for 1 mM NE
and AA in the absence of an electric field.
The NE concentration dependence of the titration by AA
and the pH dependence of the titration were measured and
are shown in Table 1. Over a 30-fold change in NE between
1.0 and 0.03 mM the Ke value only changed by a factor of
two. The concentration dependence (fugacity) of the cou-
pling of NE and AA is measurable, but small. Applied in a
conservative fashion to the Kd estimate above, the Kd as the
concentration of NE approaches zero would be about one-
half of what it is at 1.0 mM. Therefore, 37 M may be an
appropriate upper limit of the in vivo NE–AA dissociation
constant.
The pH dependence of the NE–AA binding is also shown
in Table 1. The similarity of the titrations at pH 7.4 and 9.4
was demonstrated in Fig. 1. When Ke calculations were
made, there was only a very small change in the Ke values
over the 2-pH unit range. Both NE and AA are ionized in
this pH range, and the absence of a significant change in
their physical state is probably responsible for the similarity
in Ke values.
Table 2 shows the Ke calculations for the titration of
NE-related compounds by AA at 179-V/cm electric field.
The variations in structure of the molecules result in differ-
ences in binding constants, with epinephrine having a stron-
ger binding to AA than NE under these conditions. Al-
though epinephrine and histamine do not show a new peak
when AA is present, there is a significant change in their
peak size, allowing calculation of a binding constant. New
peaks, similar to those seen during NE–AA binding, appear
when tyrosine and phenylalanine are titrated. In the face of
this apparently general phenomenon, serotonin has no de-
tectable AA binding. Although it is possible that a seroto-
nin–AA complex has exactly the same absorbance and
mobility as serotonin, this is unlikely.
Figure 6 shows the effect AA-related molecules have on
the NE peak at 154-V/cm electric field. As expected, the
peak NE absorbance increases as a function of concentra-
tion. When these compounds bind to NE, they form a new
peak, decreasing the size of the free NE peak. Over the
range of concentrations tested, AA-P and glucose reduced
the free NE peak, as did AA. The amount of AA-P or
glucose necessary to reduce the free NE peak to the same
magnitude as AA was much greater, however. Only 5 mM
AA resulted in a reduction of the free NE to 0.54  0.04
FIGURE 2 Titration of NE with AA in pH 7.4 and 9.4 sodium borate.
The AA peak, not shown, is to the right of the NE peak. The  indicates the
free NE peak. At pH 9.4, the new peak that appeared in Fig. 1 increases as
the AA concentration increases, and the free NE peak decreases as the AA
concentration increases. At pH 7.4, the NE peak height is AA concentration
dependent.
FIGURE 3 Log–log linearization of the AA concentration and the NE–
AA/free NE ratio for 1 mM NE at 153 V/cm. The solid line is the least
squares best fit (R2  0.95) and the dashed lines are the 95% confidence
interval. The open triangle at log 0 (NE–AA/free NE 1) is the log(Ke)
for these conditions and the error bar is the 95% confidence range for the
log(Ke).
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(SE, N  5), whereas 100 mM AA-P was needed to reduce
the free NE to 0.50  0.02 (SE, N  5). There was no
significant difference between the two free NE means. Be-
cause 20 times more AA-P than AA was used, AA-P has
approximately 0.05 of the relative binding strength of AA
for NE. Similarly, 100 mM glucose reduced the free NE
peak to 0.29 0.02 (SE, N 5). This is a greater reduction
than the same concentration of AA-P produced. Based on
the titration curve for NE–AA binding at this electric field,
glucose binds AA at approximately 0.08 of the binding
strength of AA.
DISCUSSION
The results indicate that electric fields have a significant
effect on the binding of NE and AA in particular, and on a
variety of other pairs of related compounds as well. CE is a
useful tool both for qualitatively demonstrating the coupling
of compounds (Figs. 1 and 2), and for quantitatively mea-
suring an electric field-associated dissociation constant, Ke
(Fig. 3). The greater the electric field, the more AA is
needed to saturate NE, i.e., the electric field contributes to
the dissociation of NE and AA. Further, there is a strong
relation between the size of the electric field and the log(Ke)
in Fig. 5, producing an entirely new method of measuring
the Kd of two compounds. The coupling of NE and AA is
robust over a range of concentration and pH changes (Table
1). The coupling process and the ability of CE to measure it
appears to be a general phenomenon, extending AA binding
to NE-related compounds (Table 2), and NE binding to
AA-related compounds (Fig. 6). These results have impli-
cations both for AA–NE association and for the effect of
electric fields on molecular complexes.
The physiological binding of AA and NE can be esti-
mated from the Kd of 37 M calculated above. The normal
FIGURE 4 Electric field dependence of NE–AA binding showing data
points and best fit lines of the titration of 1 mM NE by AA at different
electric fields. The lines are the transformation of the log–log linearizations
of the AA concentrations and the NE–AA/free NE ratio. The R2 values for
the linearizations from 102 to 204 V/cm are 0.96, 0.96, 0.95, 0.90, and
0.93. At greater electric fields, more AA is needed to saturate NE.
FIGURE 5 Dissociation constant calculation from Ke values in Fig. 4.
The error bars are the 95% confidence intervals from the log–log linear-
izations of the AA concentration and the NE–AA/free NE ratio. The
ordinate intercept is the NE–AA dissociation constant in the absence of an
electric field.








1.0 mM NE, pH 9.4, 179 V/cm* 1.89  0.10 12.9 mM
0.7 mM NE, pH 9.4, 179 V/cm* 1.97  0.06 10.7 mM
0.03 mM NE, pH 9.4, 179 V/cm* 2.19  0.13 6.5 mM
1.0 mM NE, pH 9.4, 204 V/cm* 1.48  0.21 33.1 mM
1.0 mM NE, pH 8.9, 204 V/cm* 1.52  0.27 30.2 mM
1.0 mM NE, pH 7.4, 204 V/cm† 1.60  0.24 25.1 mM
*Separate NE and NE–AA peaks.
†Single NE/NE–AA peak.
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human plasma concentration of NE is 1.17 nM (Daniel et
al., 1996). The AA concentration in plasma is about 100 M
(Ek et al., 1995). Assuming that one molecule of NE binds
to one of AA (Root-Bernstein, 1989; Root-Bernstein and
Dillon, 1997), then the Henderson–Hasselbach equation can
be used to calculate the concentration of free NE in plasma.
At normal plasma values, there will be 0.32 nM free NE and
0.85 nM NE–AA, i.e., 73% of the circulating NE would be
AA bound. Given the binding of AA and NE to other
compounds described above and to other as yet untested
compounds, the concentration of NE–AA may be lower.
These experiments indicate that a substantial reduction of
free NE occurs in normal human plasma. A similar reduc-
tion of free epinephrine undoubtedly occurs due to epineph-
rine–AA complex formation. Plasma ascorbate concentra-
tion has been inversely related to blood pressure when
controlled for all other dietary and lifestyle factors (Bendich
and Langseth, 1995; Jacques, 1992; Ness et al., 1997). This
is consistent with our findings.
Having established both that NE and AA associate and
that an electric field can disrupt this association, it is rea-
sonable to investigate the effect of the electric field gener-
ated by the cell membrane on the NE–AA dissociation
constant. There is a substantial body of literature on the
effect of charged surfaces on their surroundings. The mod-
ified Gouy–Chapman model of a double-layer ion surface is
used (Moore, 1972) to account for the closest approach
possible by ions. The potential voltage decays exponentially
on both sides of membrane (McLaughlin and Harary, 1974).
This decay has been modified (Tien, 1974) to account for
the unstirred layer immediately adjacent to the membrane
where little voltage change occurs. The 2nd Wien effect
(Onsager, 1934; Moore, 1972) describes the effect of elec-
tric field on the dissociation of weak electrolytes.
Using a Debye–Hu¨ckel length constant for the exponen-
tial decay of 1 nm for physiological electrolyte concentra-
tions (Delahay, 1966; Moore, 1972; Tien, 1974), the poten-
tial on the outside of a membrane can be estimated as
V V0expx/, (2)
where V is the potential at distance x, with V0 the voltage at
the membrane and  the length constant. The electric field
(E) will then be the length-dependent derivative of the
voltage, or
E dV/dx 1/V0expx/. (3)
For mobile complexes that are free to orient themselves in
the electric field, E is the absolute value of dV/dx. The
electric field at the membrane surface has been estimated in
the range of 1–5  105 V/cm (Moore, 1972; Tien, 1974).
Based on the high electric field at the membrane, the
experimental data reported here makes NE–AA dissociation
highly probable and extends the implications of field disso-
ciation to nonelectrolyte complexes, including carrier pro-
teins. We suggest calling this phenomenon membrane-as-
sociated or natural electrophoresis.
Using an estimate of 30 mV for V0 (McLaughlin and
Harary, 1974; Tien, 1974) and a length constant   1 nm,
at 0.5 nm from the membrane, E would equal 1.8  105
V/cm, in the range cited above. Figure 7 shows the decay in
the electric field with increasing distance from the mem-
brane. The electric field near the membrane will be far in
excess of the electric field used in the experiments reported
here. In this model, the electric fields applied to the NE–AA
complex in our experiments would all occur between 7 and
8 nm from the cell membrane or several times the molecular
TABLE 2 Ascorbic acid binding of norepinephrine and
related compounds
Compound*




Norepinephrine† 1.81  0.20 15.2 mM
Epinephrine‡ 2.10  0.10 7.9 mM
Tryptophan† 1.91  0.27 12.3 mM
Tyrosine† 1.56  0.12 27.4 mM
Histamine‡ 1.48  0.06 33.5 mM
Phenylalanine† 1.45  0.07 35.9 mM
Serotonin No Detectable AA Binding
*1 mM Compound, 179 V/cm.
†Separate Compound and Compound-AA peaks.
‡Single Compound/Compound-AA peak.
FIGURE 6 Concentration dependence of the NE EPG peak. The free NE
peak height is reduced by AA-P, AA, and glucose.
374 Dillon et al.
Biophysical Journal 79(1) 370–376
dimensions of the complex, as shown in Fig. 7. The Ke as
a function of distance from the membrane for the mobile
complex of NE–AA can be calculated from Eqs. 1 and 3 as
logKe 0.01301/V0expx/ 4.13. (4)
This relation is plotted in the inset of Fig. 7, along with the
Ke data points from Fig. 5. The dashed line in the inset is
the asymptote approached in Eq. 4, the 74-M dissociation
constant reported above. As an NE–AA complex ap-
proaches the membrane, the dissociation constant will in-
crease exponentially, leading to complete dissociation of the
complex, and availability of the pair to receptor sites on the
membrane.
The high electric field in the dissociation zone may also
help orient the individual molecules relative to the mem-
brane (Grossman and Soane, 1990), thereby affecting its
binding to the receptor. Receptors will be within the un-
stirred layer, where the voltage change and thus the electric
field is much smaller than outside the unstirred layer (Tien,
1974). In the 20-nm space between most cells, virtually the
entire space will have enhanced dissociation. In contrast, in
a 7-m-diameter capillary blood vessel, the 10 nm adjacent
to the capillary wall represents less than 0.006 of the cap-
illary volume, leaving more than 0.994 of the volume in the
bulk, NE–AA binding phase. The fractional dissociation of
NE and AA discussed above applies in this phase.
These findings have many implications. AA was origi-
nally isolated from the adrenal medulla (Szent-Gyo¨rgi,
1928) and is present in millimolar concentration in the
adrenal gland (Dhariwal et al., 1989) and in the brain
(Grunewald, 1993; Schreiber and Trojan, 1993). In the
adrenal medulla, AA is required for NE synthesis (Dhariwal
et al., 1989), and has complex corelease behavior with
catecholamines (Cahill and Wightman, 1995). AA may
protect NE and epinephrine from oxidation during plasma
transport, in the adrenal medulla, and in neurons. In addition
to using AA as an enzyme cofactor for NE synthesis,
NE–AA complex formation may lower the free product
(NE) concentration, accelerating the reaction. The storage
of catecholamines in the adrenal medulla will be enhanced
by the millimolar concentrations of ascorbate, using a sim-
ilar mechanism. AA, which has no known membrane trans-
porter, is taken up against a concentration gradient in adre-
nal chromaffin cells (Ingebretsen et al., 1980). NE–AA
complex formation will also serve to store AA in the adrenal
medulla, enhancing long-term retention of this rapidly ex-
creted vitamin. The complexation of NE by AA may ac-
count for the multiple cardiovascular effects of ascorbate
cited above (Bendich and Langseth, 1995; Jacques, 1992;
Ness et al., 1997). The laboratory use of AA to prevent
oxidation of NE may rely on this coupling. Similar mech-
anisms may also account for neural co-storage and co-
transmission, as well as other complexes such as dopamine-
neurotensin (Schenk et al., 1991). Complex formation based
on molecular complementarity is generalizable to all me-
tabolite complexes, providing protection from enzymatic
catalysis and oxidation and enhancing the survival of the
constituents. The dissociation of biophysical complexes, as
manifested through natural membrane electrophoresis, must
also be included in models of carrier protein systems (Bar-
nard and Wolff, 1998).
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